Abstract The fabrication of terahertz (THz) optics with arbitrary shapes via polymethacrylate-based stereolithography is very attractive as it may offer a rapid, lowcost avenue towards optimized THz imaging applications. In order to design such THz optical components appropriately, accurate knowledge of the complex dielectric function of the materials used for stereolithographic fabrication is crucial. In this paper we report on the complex dielectric functions of several polymethacrylates frequently used for stereolithographic fabrication. Spectroscopic ellipsometry data sets from the THz to mid-infrared spectral range were obtained from isotropically cross-linked polymethacrylate samples. The data sets were analyzed using stratified layer optical model calculations with parameterized model dielectric functions. While the infrared spectral range is dominated by a number of strong absorption features with Gaussian profiles, these materials are found to exhibit only weak absorption in the THz frequency range. In conclusion, we find that thin transmissive THz optics can be efficiently fabricated using polymethacrylate-based stereolithographic fabrication.
Introduction
THz optical components produced by additive manufacturing techniques have received considerable interest in recent years as cost effective rapid-prototyping solutions for THz optical components such as lenses [1] , filters and waveguides [2, 3] . A large body of literature has reported on the performance and optical properties of THz optical components fabricated using 3D printing techniques [4, 5, 6, 7] . Several publications are dedicated to the THz optical properties of the materials suitable for 3D printing [4, 5] . However, the major focus to date is on materials and optical components fabricated using fused deposition-based techniques [1, 2, 4] . The advantages of fused deposition-based techniques are primarily the low instrument and fabrication costs as well as the large variety of compatible materials [8] . The resolution and surface finish of fused deposition-based techniques are limited by the nozzle diameter through which the materials are applied. Current state-of-the-art fused depositionbased printers have nozzle diameters that range on the order of several hundred µm [9, 10] . Stereolithography, in contrast, has been demonstrated to achieve resolution on the order of 10 µm and substantially better surface finish compared to other fabrication techniques [11, 12] . Therefore, stereolithography-based techniques are ideal methods of fabrication for THz optical components [13, 14] .
Despite the rapidly increasing interest in 3D printed THz and infrared optical components, accurate infrared and THz dielectric function data on polymethacrylates available for stereolithography-based fabrication have not been reported yet. This hinders the development of optical components composed of such polymethacrylates and impedes the progress in simulation-based design of metamaterials with novel THz optical properties.
In this paper we report on the first ellipsometric measurements and the complex dielectric functions of stereolithography-compatible polymethacrylates in the mid-infrared and THz spectral range. Three different commercially available polymethacrylates (Formlabs Inc.) were investigated. We find that the polymethacrylates exhibit very similar THz optical properties but display characteristic differences in the absorption bands observed in the infrared spectral range. In the THz spectral range all investigated materials show sufficient transparency to allow the fabrication of thin transmissive optical components, in particular for the lower THz frequency range. A parametrized model dielectric function composed of harmonic oscillators with Gaussian broadening is derived and discussed.
Experiment

Sample Preparation
The samples studied here were prepared using UV-induced polymerization of the methacrylate-based resins in a mold as described below. This fabrication process ensured that the surface roughness is sufficiently small for infrared ellipsometry. For each sample, approximately 2 ml of resin was applied in between two microscope slides placed parallel to each other on a glass plate. Subsequently, a second glass plate was set on top of the spacers to shape the resin into a thin slab. The assembly was then placed in a UV oven (UVO cleaner model no. 42, Jelight Company Inc.) and was cured for 15 minutes until the resin was fully polymerized. As a result, the polymerized resin samples have parallel interfaces with low surface roughness and are suitable for accurate ellipsometric measurements in the infrared and THz spectral range. This fabrication approach was applied for three different methacrylate-based resins, which are commercially available (Formlabs Inc.) described by the vendor as "castable" (sample 1),"tough" (sample 2), and "black" (sample 3). All investigated samples have a nominal thickness of 1 mm.
Data Acquisition and Analysis
The polymethacrylate samples were investigated using a commercial infrared ellipsometer (Mark I IR-VASE R , J.A. Woollam Company Inc.) and a commercial THz ellipsometer (THz-VASE, J.A. Woollam Company Inc.). The IR ellipsometer operates in a polarizer − sample − rotating compensator − analyzer configuration, while the THz ellipsometer uses a rotating polarizer − sample − rotating compensator − analyzer configuration as detailed in Ref. [15] . The infrared ellipsometer is equipped with a Fourier transform infrared (FTIR) spectrometer and employs a deuteratedtriglycine sulfate (DTGS) detector. The THz ellipsometer is equipped with backwardwave oscillator source operating in the range from 100 to 180 GHz. Schottky diode frequency multipliers are used to extend the spectral range from 0.65 to 0.95 THz. A Golay cell is employed as a detector in the THz-VASE. Ellipsometric Ψ -and ∆ -spectra were obtained in the infrared spectral range from 300 to 4000 cm −1 (9 to 120 THz) with a resolution of 4 cm −1 (0.1 THz) at three angles of incidence: Φ a = 65 • , 70 • , and 75 • . The THz ellipsometric data were obtained over range from 22 to 32 cm −1 (0.65 to 0.95 THz) with a resolution of 0.2 cm −1 (5 GHz) at the same angles of incidence as for the infrared data.
The optical modeling and data analysis were performed using a commercial ellipsometry data analysis software package (WVASE32 TM , J.A. Woollam Company).
The complete ellipsometric data set obtained for each sample was analyzed using a three layer optical model composed of air − polymethacrylate − air. A model dielectric function was used to describe the infrared and THz optical response of the polymethacrylates. The model dielectric function incorporates a sum of Gaussian oscillators:
where the function ε Gau (A,Γ , ω, ω o ) indicates an oscillator with Gaussian broadening. The oscillator amplitude, broadening, and resonance frequency are designated by A,Γ , ω o , respectively. The oscillators are given analytically by their Gaussian form for the imaginary part ε Gau 2 (ω) of the complex dielectric function ε(ω):
where 1/ f = 2 ln(2). The corresponding values for ε Gau 1 (ω) are determined by Kramers-Kronig integration of Eq. (2) during the Levenberg-Marquardt-based lineshape analysis of the experimental Ψ -and ∆ -spectra.
During the lineshape analysis, relevant model parameters are varied until the best match between calculated model and experimental ellipsometry data is achieved. The best-model calculated spectra shown in Figs. 1 and 2 require 14 Gaussian oscillators with frequencies ranging from 40 to 3500 cm −1 for sample 1. The analysis for samples 2 and 3 required a model dielectric function composed of 15 distinct Gaussian oscillators in this energy range in order to describe the experimentally observed lineshapes. Figure 1 illustrates the experimental (dashed green lines) and the best-model calculated (solid red lines) Ψ -spectra of all three samples at the angle of incidence Φ a = 65 • for the spectral range from 22 to 4000 cm −1 . The corresponding ∆ -spectra are shown in Fig. 2 . Note that experimental Ψ -and ∆ -spectra were obtained for Φ a = 65
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• , 70
• , and 75 • and were analyzed simultaneously. Only the data for Φ a = 65 • is shown here for clarity. The experimental and best-model calculated data are in very good agreement for all investigated samples. All three samples show a very similar THz and infrared response where Fabry-Pérot oscillations are observed in the range from 22 to 32 cm −1 (0.65 to 0.95 THz) and distinct absorption bands are found in the range from 300 to 4000 cm −1 (9 to 120 THz). A subtle damping in the Fabry-Pérot oscillations in Fig. 1 and 2 can be noticed. This is accounted for in the model with a broad, shallow oscillator at ω = 40 cm −1 . While the Fabry-Pérot oscillations of samples 1 and 3 have very similar amplitudes, the amplitudes of the Fabry-Pérot oscillations for samples 2 are distinctly smaller, indicating a lower transparency in this spectral range for sample 2.
Although very similar at a first glance, the investigated polymethacrylates show subtle differences in the mid-infrared spectral range from ω = 500 to 2000 cm −1 . In this spectral range, sample 1 exhibits a peak at approximately 800 cm −1 , which is not observed in sample 2 and 3. At higher wavenumbers, at approximately 3400 cm −1 , samples 2 and 3 show a distinct absorption peak that is not present in sample 1. Thus, sample 1 can be easily distinguished from the other investigated polymethacrylate samples by its unique infrared fingerprint. The polymethacrylates in sample 2 and 3, however, show a very similar response in the infrared spectral range. Thus, a differentiation between the two materials in this spectral range requires quantification of oscillator amplitude and broadening parameters.
Figs. 3 and 4 show the real and imaginary parts of the model dielectric functions ε(ω) of all three samples for comparison. As discussed, all samples show similar responses in the infrared and THz ellipsometric data shown in Figs. 1 and 2 and correspondingly, the model dielectric functions of these samples are very similar. Strong absorption bands can be identified in the range from ω = 500 to 2000 cm −1 . This allows a fingerprint identification of the materials in this spectral range.
In the THz spectral range from 0.65 to 0.95 THz (22 to 32 cm −1 ) the permittivity for the samples shows little dispersion and absorption, which results in the FabryPérot oscillations in these layers with plane parallel interfaces as seen in Figs. 1 1 et al . (THz) Fig. 4 Best-model calculated imaginary part of the complex dielectric function ε(ω) for sample 1, 2, and 3 are shown in solid lines. The major contributions to the absorptive behavior of all three samples occur in infrared spectral range from 300 to 4000 cm −1 , while only a broad and shallow absorption was observed throughout the THz range. The best-model parameters are given in Tabs. 1 and 2. Note that the ε 2 (ω) spectra of sample 2 and 1 are shifted with respect to the ε 2 (ω) spectrum of sample 3 by a constant offset of 1 and 2, respectively.
and 2. Sample 1 shows the smallest ε 2 (ω) while sample 2 shows the largest ε 2 (ω), which makes the material in sample 1 ("castable", Formlabs Inc.) more suitable for transmissive optics. In comparison with the materials commonly used for fused deposition-based fabrication techniques, the absorption coefficients of the investigated materials are comparable. All samples exhibit absorption coefficient values larger than 10 cm −1 over the range from 0.65 to 0.95 THz, which is similar to that of nylon and polylactic acid 90. Polystyrene and butadiene over the same spectral range exhibit values below 5 cm −1 [4] . Here we account for the absorption in this spectral range by using a broad and shallow Gaussian oscillator, which is located in the spectral gap between operational ranges of the THz and infrared ellipsometers. Its resonance frequency was approximated at ω = 40 cm −1 , which was not further varied during the model analysis. Tables 1 and 2 summarize the best-model oscillator parameters for the dielectric response of the polymethacrylates in sample 1, 2, and 3 for comparison. The oscillator frequency ω o and broadening Γ are given in units of cm −1 , while amplitude A is dimensionless. Error bars in parentheses represent the 90% confidence limits of the respective oscillator parameters. 
Summary and Conclusion
In this work we report accurate complex dielectric function values of three different polymethacrylates that are available for stereolithography-based manufacturing with commercial 3D printers in the infrared and THz spectral range. A model dielectric function composed of multiple oscillators with Gaussian broadening was found to appropriately render the THz and infrared ellipsometric responses. While the investigated materials are transparent in the THz spectral range, the infrared spectral range is dominated by distinct absorption bands. In contrast to materials commonly used for fused deposition-based fabrication techniques, such as acrylonitrile butadiene styrene or polystyrene, polymethacrylates analyzed here exhibit relatively high absorption across THz range [4] . However they are still sufficiently transparent for the fabrication of thin transparent THz optics, such as Fresnel lenses. We anticipate that the parametrized dielectric functions reported here will help to improve first-principle calculations of the infrared and THz optical responses of 2D and 3D structures composed of these materials.
